Abstract: Hot spring waters flowing from Porkchop Geyser, Norris Geyser Basin, Yellowstone National Park, USA. enter a shallow wetland basin and precipitate opal-A silica particulate. Particulate formation by chemical (rather than biochemical) and colloidal mechanisms is suggested by floc-and shard-like particle morphologies comprising opal-A silica nanospheres and microspheres of colloidal dimensions and precipitation from waters with opaque milky-blue colouration, indicative of aqueous silica-sol conditions. Sediment accumulates in the wetland at a rate of ca. 20-25 mm/year, is unconsolidated, and massive to diffusely bedded to laminated. Post depositional features include soft sediment deformation and scouring, and in drying conditions, relatively deep desiccation. Establishment of geochemically dominated wetland sedimentation is favoured where alkali-chloride hot spring fluids of circum neutral to basic pH and high silica concentration discharge to and cool (to < ca. 35°C) within topographic depressions that receive only small volumes of non-hot spring water. Local wetland vegetation, which is composed of hydrophytes, halophytes, and alkali-tolerant species more typical of coastal wetlands, colonizes the soft wetland substrate and may be relatively quickly buried by rapid sediment accumulation. Prior to the evolution of the diatom silica-sink, geothermal wetlands containing geochemically precipitated silica sediments may have been much more common and widespread. Rhizoliths, chert nodules with organic cores, scour fabrics, soft sediment deformation, desiccation cracks, and massive to diffuse bedding preserved in Palaeozoic geothermal environments may all be evidence of ancient unconsolidated geochemical sediments and geothermal wetland conditions. 
Introduction
Most silica-depositing hot springs precipitate silica to form hard, structurally robust, and relatively durable subaqueous and subaerial sinter deposits. A suite of biotic (e.g., Chafetz 2003a, 2003b) and abiotic mechanisms, e.g., rapid cooling (e.g., Guidry and Chafetz 2002; Yee et al. 2003) , evaporation and evaporative wicking (e.g., Hinman and Lindstrom 1996) , low pH or rapid pH change (e.g., Rimstidt and Cole 1983; Fournier 1985) , and cation effects (e.g., Rimstidt and Cole 1983) have been suggested to mediate opal-A silica deposition. In the silica-supersaturated aquatic environments associated with alkali-chloride, high silica hot springs silica precipitation can be predicted by equilibrium thermodynamic principles (e.g., Mountain et al. 2003; Yee et al. 2003) , active biological mediation of silica nucleation, polymerization, and precipitation does not, therefore, appear to be a requirement for silica deposition.
Proximal to the vents of silica-depositing springs opaline silica accretes to form positive topographic features, such as sinter mounds and aprons. Areas of negative topographic relief within or at the margins of geothermal basins often form shallow wetland or aquatic environments. Distal wetlands form extensive areas of low-temperature, geothermally influenced environment at the margins of many active hot spring basins (e.g., Weed 1889; Walter 1976; Channing 2001 Channing , 2003 Trewin et al. 2003) .
Sedimentation in Holocene geothermally influenced wetlands is dominated by the input of biogenic silica from diatom frustules. At Upper Geyser Basin, Yellowstone National Park, diatomites of Holocene age have accumulated to depths of several metres (Muffler et al. (1982) , report between 0.3 and 4.5 m of diatomite), indicating potentially rapid accretion rates. Despite silica biomineralization by diatoms, waters in an area of accumulating diatomite in Elk Park south of Norris Geyser Basin, Yellowstone are supersaturated with respect to crystalline (quartz saturation index (SI) = 1.47) and amorphous (SiO 2 amorphous SI = 0.30) silica phases, with recorded dissolved silica concentrations of 270-280 mg/kg at ca. 35°C (Channing 2001) . Below the ca. 35-40°C isotherm (Walter and Des Marais 1993) , geothermally influenced wetlands around silica depositing springs are a major habitat for abundant hydrophytic, halophytic, and alkali tolerant vascular plants (Channing 2001 (Channing , 2003 Trewin et al. 2003) . Interaction of the silica-supersaturated waters with the wetland vegetation means that geothermal wetlands are a major, if not the major, environment of higher plant silicification at present active in Yellowstone (Channing 2001) .
Marshes associated with hot spring and sinter deposits of the Drummond Basin, Queensland, Australia (e.g., White et al. 1989; Walter et al. 1996 Walter et al. , 1998 provide clear evidence that the geological record of geothermally influenced wetlands extends back at least to the mid Palaeozoic and that the environment was a site of plant silicification. As now, the Drummond Basin wetlands provided habitat for vegetation considered to have grown in semi-aquatic (emergent) conditions with subaqueous root-rhizome systems in waterlogged soil (e.g., Walter et al. 1998) . Sedimentological features, including rhizoliths formed around roots in non-detrital silica substrates (Walter et al. 1998) , scour fabrics, soft-sediment deformation, e.g., slumps (Walter et al. 1996) , desiccation cracks (White et al. 1989) , and massive to diffuse bedding (Walter et al. 1996 (Walter et al. , 1998 , described from the Drummond hot spring deposits may also be attributed to the presence of an opal-A substrate that, like diatomite, was unconsolidated, soft, and mobile. Diatoms, however, have a fossil record that extends only to the late Mesozoic; thus they can have played no part in sedimentation in Drummond Basin wetlands.
The Lower Devonian (Pragian) Rhynie and Windyfield cherts of Aberdeenshire, Scotland (Rice et al. 2002 and references therein) similarly contain abundant evidence of wetland environments (e.g., Channing 2001 Channing , 2003 Trewin et al. 2003) . Sedimentological features indicative of unconsolidated wetland substrates include nodular chert horizons containing abundant rhizomes-rhizoliths (Powell 1994; Trewin 1994 Trewin , 1996 Powell et al. 2000) , gradational contacts between chert horizons and overlying clastic sediments (Powell 1994; Channing 2001) , and metre-scale lenticular bodies of massive to diffusely bedded homogeneous chert (e.g., Channing 2001) . Waterlogged soil-substrate conditions are suggested by an absence of red beds, abundance of pyrite and retention in the subsurface of carbon (Powell et al. 2000) . Plant growth and preservation in a subaqueous setting is illustrated by Rhynie plants exhibiting exceptional preservation in situ, in pod-like chert lenses, in association with an aquatic fauna and flora, e.g., the crustacean Lepidocaris, charophyte alga Palaeonitella, and chytrid fungi (Trewin et al. 2003) . Comparisons of Rhynie chert colour and porosity (dark-brown to black and impermeable, respectively) with proximal Drummond Basin (Walter et al. 1998 ) and modern (e.g., Channing 2001) sinter material (light grey-blue to white and porous) allied with the large numbers of well-preserved plants that characterize many Rhynie Chert horizons suggests that fossilisation of the Rhynie flora and fauna occurred predominantly in subaqueous settings at lower temperatures. Taphonomic and anatomical features of the Rhynie plants may also illustrate adaptation or tolerance of wetland conditions. For example, many of the plants have shallow rhizomes rather than deep roots suggesting the presence of a water table at or above the sediment surface. The abundance of plants preserved with erect axes appear to illustrate a resistance to the wilting that is induced by waterlogging of modern plant roots despite the Rhynie plants lacking structural tissues and relying primarily on cell turgor for support (e.g., Powell et al. 2000; Channing 2001 ). Additionally, many Rhynie plants illustrate detailed arrangements of cells e.g., intercellular air spaces (spongy cortical tissues, sub-stomatal cavities), sunken stomata, and thickened cuticle and cuticular ledges on stomata, which demonstrate high water use efficiency characteristic of water stressed, perhaps brackish to saline aquatic wetland environments (Edwards et al. 1998; Channing 2001 Channing , 2003 .
The wetlands associated with the Rhynie hot springs are particularly important as they were clearly very favourable environments for silicification and preservation of the Rhynie biota. Channing (2001) and later Trewin et al. (2003) proposed that a suitable analogue environment for formation of the Rhynie chert would most likely be found by investigating permanently wet marshy areas associated with silica precipitating springs. Both references, however, point out that the removal of silica by diatoms in modern environments is a major obstacle to close analogy.
Here we describe an active wetland environment in the Back Basin area of Norris Geyser Basin, Yellowstone National Park, which is potentially analogous to hot spring wetlands prior to the late Mesozoic that has accreted unconsolidated sediments via an as yet unconfirmed, but apparently dominantly abiotic mechanism.
Geographical, geological, and geochemical setting
Yellowstone National Park Yellowstone National Park is located in the northwest corner of Wyoming, USA., with western and northern boundaries in the adjacent states of Idaho and Montana (Figs. 1A-1B) . Yellowstone has been an active centre of volcanism over the past ca. 2.2 Ma. Three climactic caldera forming silicic pyroclastic eruptions at ca. 2.0, 1.3, and 0.6 Ma punctuate this period (e.g., White et al. 1988) . Surface geothermal activity occurs throughout the park, but most of the major geothermal basins, particularly those containing silica-depositing geothermal springs, occur on the Yellowstone Plateau (Fig. 1B) within or adjacent to the 0.6 Ma caldera margin (e.g., Fournier 1989) . Norris Geyser Basin (Figs. 1A-1C ) is situated just outside the 0.6 Ma caldera margin within a north-south subsidence structure, the Norris-Mammoth Corridor, which focuses rising geothermal fluid flow (e.g., Kharaka et al. 2000) . Pleistocene-Holocene glacial and geothermal deposits of the area lie above the ca. 600 Ka Lava Creek Tuff. Evidence in the form of chalcedonized (crystallized) sinters that lay beneath deposits of the local early Pinedale glacial episode (Early Wisconsin Glacial) indicates geothermal activity over at least the last ca. 150 Ka (White et al. 1988) .
Porkchop Geyser
The focus of this study, Porkchop Geyser (Universal Transverse Mercator (UTM) Zone 12 grid reference 0523202mE, 4951928mN) and adjacent wetland areas are located in the Back Basin area of Norris Geyser Basin (Figs. 1C-1D ; White et al. 1988, pl. 1, grid square F4) . A synthesis of recorded vent pool and wetland hydrochemistry (Table 1) and eruption  style and frequency (Table 2) illustrate marked variation in hydrothermal activity over the past century.
Wetland basin

Position and geometry
Unconsolidated silica sediments occupy an elliptical depression ca. 5 m × ca. 10 m located ca. 10 m to the west of Porkchop Geyser (Figs. 1D, 2A) . Unconsolidated, soft white to grey sediment fills the depression to a maximum observed depth of over 40 cm at the centre of the basin (Fig. 2B) . At the basin margin, the sediment thins, creating a deposit of lenticular cross-section. The basin margin lies ca. 1 m topographically below the vent pool of Porkchop Geyser (Figs. 1D, 2A) . A relatively steep slope composed (at the surface) of brecciated and brecciated to re-cemented sinter material separates the geyser from the basin ( Fig. 2A) .
Source of water influx
The wetland depression is topographically isolated from all surface sources of geothermal water other than Porkchop Geyser. Sedimentological evidence of the historical influx of silica-rich thermal water from Porkchop Geyser is provided by the thin tongue of sinter, which extends from the southern and western edges of the vent pool into and over the surface of the basin fill ( Fig. 2A) . The main drainage stream of this area of the Back Basin flows northward in close proximity just to the east of Porkchop Geyser, but is separated from the wetland basin by the linear ridge (geyser mound), on which Porkchop sits (Figs. 1D, 2A) . A quiescent unnamed geothermal feature situated to the west of the wetland is separated from the basin by another low linear ridge composed of glacial gravels, kame or altered volcanic products (Fig. 1D) .
During the period April 2001 to October 2002, shallow diffuse run off from the southern margin of Porkchop Geyser flowed into the wetland basin plus a newly flooded depression to the south (Figs. 1D, 2A ). Standing water with an opaque milky-blue colouration ( Fig. 2A) , comparable to that observed in Porkchop Geyser's vent during periods when the vent fluids contained polymerized silica (Fig. 2C) , filled the basin to a depth of ca. 15 cm. Recorded water temperatures ca. 4 m from the outflow of Porkchop Geyser towards the wetland were 24°C in mid-April (air temperature ca. 2°C) and 33 and 38°C in mid-July and mid-October, respectively. Recorded water temperatures in the wetland pool were 18°C Note: 1, Allen and Day 1935; 2, Fournier et al. 1991 and references therein; 3, Fournier et al. 1992 and references therein; 4, White et al. 1988 and references therein; 5, Bryan 1995; 6, Ball et al. 2002; 7, Fournier et al. 2002; 8, Channing 2001; 9, Sturtevant this study; 10, Channing this study; 11, Virginia Rodrigues, personal communication, 2003; 12, Ohsawa et al. 2002. 
Methods
Imaging techniques
Sediment was mounted for scanning electron microscopy (SEM) on aluminium stubs with carbon adhesive pads. Samples were sputter coated with gold-palladium for ca. 2 min and examined with the secondary electron detector (SE) of a Cambridge Instruments S360 SEM at 25 keV accelerating voltage and 4-10 mm working distance. The abundance of colloidal silica particles caused severe charging problems arising from poor coating of spherical surfaces and (or) poor electrical conductivity between loose particles. This problem was most acute at low resolutions, where areas of good and bad coating quality lay in the field of view, and at the highest resolutions required to view aggregate ultrastructure. Double applications of gold-palladium reduced charging problems. Transmission electron microscopy (TEM) imaging was conducted with a JEOL JEM1210 transmission electron microscope at an accelerating voltage of 80 keV.
Analytical techniques
Determination of the mineral phase present was conducted with a Phillips PW1710 analytical X-ray diffractometer. Bulk powders were analysed using cavity sample holders. Operating conditions were 40 keV at 20 mA using Cu Kα radiation. Diffraction scans were made at speeds of 0.6°2θ/min with step size 0.01°from 10°-40°2θ. X-ray diffraction spectra were analysed with Philips PW1876 PC-Identify software. The qualitative elemental composition of TEM samples was determined using the analytical facilities of the JEOL JEM1210 TEM, fitted with an Oxford Instruments, Link System EDX (energy dispersive X-ray) spectrometer and Link ISIS analytical software. Spot analyses were conducted at an accelerating voltage of 80 keV. Water samples collected during 1998-1999 were analysed for dissolved silica, sodium, and potassium concentrations with a Varian SpectrAA 300 series spectrophotometer. Analytical precision expressed as percent relative standard deviation (%RSD) was < 0.5%RSD for Na, K, and < 1%RSD for Si. Trace-element concentrations (Li, Mg, Al, P, Ca, Mn, Fe, Cu, Zn, As, Ba) were determined on a PerkinElmer Elan-5000 inductively coupled plasma -mass spectrometer (ICP-MS). Only calcium and lithium concentrations exceeded 1 mg/kg. Analytical precision for this method was < 3%RSD for Li, Ca and < 4%RSD for Mg. Concentrations of the elements Al, As, Ca, Cu, Fe, K, Mg, Na, Si, and Zn of water samples collected during 2002-2003 were analysed with a JY Horiba Ultima-2 inductively coupled plasma -optical emission spectrometer (ICP-OES). Only silicon, calcium, sodium, and potassium concentrations exceeded 1 mg/kg. Analytical precision was < 2%RSD for Si, Na, Mg and < 3%RSD for Ca, K. The anions fluoride, chloride, bromide, nitrate, phosphate, and sulphate were analysed on a Dionex DX-80 ion chromatograph (IC). Only fluoride, chloride and sulphate exhibited values greater than 1 mg/kg. Calculated analytical precision was < 1.5%RSD for F, Cl and < 4.5%RSD for SO 4 . Physical and chemical properties derived from field and laboratory water analysis were used to model indices of silica saturation (SI) using the geochemical program PHREEQC. Particle and aggregate size distributions were assessed by light scattering analysis. Bulk samples of silica sediment prepared for X-ray diffraction (XRD) analysis were also analysed for carbon, hydrogen, and nitrogen concentrations with a PerkinElmer, Series II 2400, CHN analyser.
Results
Mineralogy
The major mineralogical component of the silica sediment was determined to be amorphous opal-A by X-ray powder diffraction. Diffraction patterns exhibited a broad diffraction band with low maximum count intensities, centred variably on 22°-23°2θ.
CHN analyses of bulk wetland sediment revealed an extremely low-sediment carbon concentration. Values returned (0.04%-0.06%) fall at or below the detection limit of the analytical system. Sediment from a diatomaceous wetland analysed for comparative purposes in contrast contained between 0.13% (surface sediment) and 0.82% (bulk sediment) carbon.
Sedimentary structure
Depositional sedimentary structures, sediment accretion rates, and lateral variations within the wetland were investigated by coring ( Fig. 3J ) and trenching ( Fig. 2B ) during the summers of 1998 and 1999, whilst the wetland surface was dry and exhibited desiccation cracks. Sedimentary structures, particle size, composition, morphology, and biota are summarized in Table 3 .
The irregular (probably ungulate bioturbated) surface horizon of the sediment contained rare partially silicified higher plant material. Discontinuous consolidated-dehydrated areas of sediment surface formed blocky, friable, bedding-parallel clasts that superficially looked like the laminated sinter more characteristic of sinter aprons. A discontinuous green horizon was apparent at variable depth just below the surface in some areas of the pits (Fig. 2B ). Microbes isolated from this horizon include diatoms and microbial (probably cyanobacterial) filaments.
Parallel to wavy and cross-bedded and contorted beddinglamination were the dominant fabrics within the upper sections of both pits and core (Figs. 2B, 3J, horizons a-d). Bedding and lamination were visible due to sediment colour and opacity variations. Small bedding-parallel lenses, ca. 2-3 cm long and 0.5-1 cm deep, were discernible in the upper horizons of the 1999 pit (Fig. 2B) .
Sediment toward the base of pits and core appeared more massive, the marked changes in sediment colour and sediment structure of the upper horizons being replaced by subtle mottling and poorly defined bedding (Fig. 2B) . Poorly discernible laminations marked by changes in sediment colour from opaque white to opaque green-grey (Fig. 3J , horizon f) corresponded to sequences of upward fining particle size. A soil-exposure horizon, developed ca. 13-15 cm below the sediment surface (Fig. 3J , top of horizon f), contained grass stems and rootlets. Below the soil horizon were ca. 10 cm of mottled, opaque white to grey sediment. Traceable laminations within this horizon fluctuated in depth below the sediment surface by several centimetres across the width of the trial pits and the core. The oldest sediments comprised greybrown clay-like matrix with detrital sinter and volcanoclastic clasts (Fig. 3J, horizons g-i) . The base, both of cored sediment and pits, coincided with a layer of sinter clasts in a clay to mud-like matrix, which was impenetrable using the core pipe.
Active wetland sedimentation
During the active period of wetland flooding observed between April 2001 and October 2002, sediment accumulation formed a massive white sediment horizon ca. 2-3 cm thick (Figs. 4A-4C) that extended across the entire wetland surface. Sediment engulfed wetland plants, commonly the halophytes Triglochin maritimum and Eleocharis rostellata and alkali tolerant grasses, rooted in the 1998-1999 sediment surface. Growth of some of the current growing season's aerial stems and leaves occurred through freshly deposited silica (Fig. 4C) . At the pool margin, exposure and desiccation created an indurated upper sediment surface with beige to brown colouration. Brecciated sinter associated with the pool-margin sinter slope was becoming cemented by sediment deposition and desiccation (Fig. 4E ). Stems and leaves of grasses in the same environment had collapsed to form a prostrate radial pattern. Organic surfaces were coated with robust layers of indurated silica sediment (Fig. 4D) . Desiccated sediment that adhered to the sinter apron surface appeared massive, dull and grainy relative to true sinter apron surfaces.
Particle morphology
Scanning electron microscopy (Figs. 3A-3I) assessed particle size, size variation, morphology, and composition from nine horizons within the core (Fig. 3J, horizons a-i) . Mineralogy of each horizon was assessed by XRD. Particle size distribution of sample horizon f was analysed further by light scattering techniques and transmission microscopy. The qualitative traceelement composition of the same material was investigated by electron probe X-ray microanalysis (EPXMA). The sediment was dominated by particles considered to be of chemically precipitated origin (particle types 1-3 described in the following subsections). Biochemically precipitated silica particles, diatoms (particle type 4) were less common in the bulk of the sediment but were important constituents within individual horizons (Figs. 5A-5D ).
Type 1 particles: silica microspheres
The simplest particles observed within the wetland sediment were silica spheres (microspheres) with nanometre to micrometre dimensions. Microspheres of ca. 10 nm to ca. 1 µm were observed to form particle aggregates described in the next subsection. Less common isolate silica microspheres, (Fig. 3J , horizons a-i, respectively). (J) Core sample of the wetland sediment. The domed appearance of sediment in the core is in part due to deformation associated with core manufacture.
with diameters up to 10 µm (Fig. 5E ), occurred in horizons in association with all three major particle types.
Type 2 particles: open floc-like silica microsphere aggregates
Open floc-like aggregates, with a low degree of particle coalescence caused extreme charging and flaring when the particles were observed with SEM (bright areas of large flocs Figs. 3C and 6A). The larger flocs in horizon c reached ca. 500 µm diameter, but the primary aggregates into which they readily broke down were of submicron dimensions. Light scattering techniques indicated that the primary aggregates within the sample had a unimodal size distribution of ca. 200 nm. TEM observation showed that the size distribution reflected primary aggregate size and distribution (Fig. 6B) . The smallest units of the primary aggregates were type 1 silica microspheres ca. 10 nm in diameter (Fig. 6C) . The disordered nature of the contact points between primary particles and primary aggregates dictated that the larger flocs had a disordered morphology. EPXMA spectroscopy of the primary aggregates indicated the presence of Na, Mg, Al, P, S, Cl, K, and Ca in addition to much higher levels of Si, O, and C (Fig. 6D) .
Type 3 particles: dense silica microsphere aggregates
The most common aggregated particle morphology throughout the core comprised dense, glassy, often shard-like silica particles. When observed with a light microscope, these appeared either glassy and clear or more opaque and beigebrown (Figs. 7A, 7B) , depending on the thickness of silica and orientation of the surface in the area viewed. Brown colouration appeared to derive from light scattering effects created by the dense, though partially open, particle network. SEM photomicrographs reveal a structure comprising variably sized silica particles in a disordered aggregate with a high degree of coalescence and little interparticle porosity (Figs. 7C,  7D ).
Type 4 particles: diatom bioclasts
Diatoms, abundant eunotioid (Fig. 5C) , and anomoeoneid genera and species were present at the base of the core (Fig. 5D) . Naviculoid (Fig. 5A ) and achnanthoid (Fig. 5B ) genera were present in low numbers throughout the upper horizons of the core, with the exception of horizons c and d (Fig. 3J) . Abundance increased considerably toward the base of the core. Diatom frustules contributed ca. 50% or more of the sediment (Fig. 5D ) of horizons g, h, and i (Fig. 3J) .
Other clasts
XRD analysis of horizon h (Fig. 3J ) indicated the presence of smaller quantities of kaolinite, quartz and cristobalite, probably resulting from clastic sedimentation of underlying hydrothermally altered kame and (or) volcaniclastic materials. Clasts of opal-A sinter were common towards the base of the core and trial pits.
Particle type distribution and size variation
Differences in sediment colour and opacity between sediment horizons corresponded to systematic particle size-morphology and colour-opacity associations. Horizons within the core with an opaque colouration (Fig. 3J, horizon b, e) generally contain a high percentage of dense glassy particles between ca. 100 and 500 µm diameter (Figs. 3B, 3E ), whilst translucent grey horizons (Fig. 3J, horizon c) contain greater quantities of smaller and (or) large but extremely delicate floc-like particles (Fig. 3C) .
Discussion
Sedimentary structure
The trial pits revealed the lateral continuity of the major lithological units and discontinuities visible in the core, suggesting periodic basin-wide changes in the geochemical and (or) sedimentological regime. These most likely reflect changes in the discharge regime and (or) water chemistry of Porkchop Geyser. The sediment sequence described in the previous section appears to show the creation of a basin within an area relatively unaffected by geothermal activity, but with aquatic or damp conditions indicated by the presence of diatoms in the basal sediments (Figs. 5A-5D ). Clays and silica clasts in the basal sediments (Figs. 3G-3I ) suggest that initially sedimentation was dominated by influxes of material derived from weathering of older sinter sheets, altered volcaniclastic material, and kame surrounding the wetland. Alternatively the sediments may be detrital sintraclasts and ejecta (following the terminology of Jones and Renaut 2003) derived from the vent apron of Porkchop Geyser. The basin may have dissected the local water table, but more likely, acted as a perched basin due to the presence of silica-cemented basement rocks (White et al. 1988) or the initial lining of clay-rich material. Initially, the basin was colonized extensively by diatoms, e.g., Eunotia sp., diagnostic of relatively low pH, low dissolved mineral content, and fluid temperatures between ca. 15 and 25-30°C (e.g., Vinson and Rushforth 1989) . Progressively, the basin became influenced by geothermal fluid input and, as diatom species diversity declines at temperatures above ca. 25-30°C (e.g., Vinson and Rushforth 1989 and references therein), diatom numbers and diversity waned (Fig. 3F ). Achnanthoid and naviculoid diatoms present higher in the sediment (e.g., from Fig. 3J , horizon f) suggest an associated increase of wetland pH. Chemical precipitates began to form the major sediment component. Sediment accretion was relatively constant and changes in sediment deposition rates and sediment character small. Fining-up sequences of particle deposition indicate periodic sediment influxes or fluid influxes and associated polymerization and precipitation sequences. There is no evidence for desiccation events until the major organic horizon (Fig. 3J , top of horizon f) 10-15 cm above the base of the section.
Following colonization of the pool by grasses, conditions again returned to sediment accretion. The presence of unbleached and poorly silica encrusted plant material above the soil horizon indicate that initial burial of the exposure surface was rapid. The resumption of deposition was most likely accompanied with waterlogged soil or aquatic pool conditions, which may have restricted oxidative and microbial decay of organic material incorporated within the sediment profile. Strongly bedded and laminated horizons (Fig. 3J , horizons e-b), with marked changes in sediment particle-size and morphology, indicate strong temporal variations in the water table, sediment and (or) silica supply, and mechanism of particle formation prior to drying of the basin and formation of the surface soil horizon (Fig. 3J, horizon a) apparent from ca. 1998-2001. The dominance of parallel and undulating bedding and laminations suggest periods of precipitation and (or) sedimentation from a pool of standing water. During the latter stages of sediment accretion periodic influxes of water created cross-bedded horizons (Fig. 2B) , either as material new to the basin was deposited from the fluid or as existing sediment was remobilized. Deformation fabrics may have resulted from a number of phenomena. Trampling by large mammals has occurred in the recent past as evidenced by hoof prints (Figs. 4A, 4B ). However, dewatering, cryoturbation, seismicity and explosive hydrothermal activity may also have played a role in deformation.
Particle formation
The paucity of carbon within bulk sediments from the basin relative to sediments collected from wetlands dominated by diatomite accumulation is here considered a reflection of the essentially abiotic nature of the majority of the sediments discussed in the following subsections. The presence of C, P, S, Na, Ca, Mg, Cl, and K, all biologically important elements, in EPXMA spectra of silica particle aggregates could be regarded as evidence for mediation of particle aggregation by dissolved or suspended organic molecules and (or) substrates, such as the extracellular polymeric substances (EPS) of diatoms or bacteria. The same elements are also found dissolved in hot spring waters where they derive from waterrock interactions. K, Na, Cl, Ca, and Mg, as discussed below, are implicated in colloidal aggregation and precipitation of silica. The ultrastructure of type 2 and 3 particles supports their formation through chemical rather than biochemically mediated processes. The particles lack any evidence of either morphological or organic microfossils, but most obviously they have a particle aggregate structure constructed from submicron type 1 silica microspheres that indicate formation through colloidal activity (compare Fig. 6B with Everett 1994 fig. 9 .8 or Iler 1979 figs. 5.20a, 5.20b ).
Type 1 particles
Following silica nucleation, polymerization increases the radius of silica particles (microspheres) until they reach colloidal dimensions and create a particle dispersion (sol). The range of particle sizes observed in type 2 and 3 particles (between ca. 10 nm and 1 µm) fall within the limit of colloidal dimensions (e.g., Iler 1979; Bergna 1994; Everett 1994, p. 5) . Sols may be destroyed by the growth of individual particles to dimensions beyond ca. 1 µm, at which point colloidal forces cannot prevent their sedimentation (e.g., Iler 1979; Bergna 1994; Everett 1994) .
Large individual silica spheres were a relatively rare occurrence within the sediment. However, particles of 1-10 µm diameter were observed. Their growth is possible by two mechanisms. In low-energy conditions (as are envisaged at most times in the wetland pool), high pH and an absence of dissolved salts could have created strong interparticle repulsion and maintained sol stability allowing continued particle growth. In higher energy conditions (e.g., the vent fluid of Porkchop Geyser), turbulence could discourage interparticle collisions and adhesion and particle settling and have a similar effect.
Type 2 particles
The dimensions of primary particles and primary particle aggregates of type 2 particles (10 nm and 200 nm, respectively) are well below the upper dimensions of the colloidal range. Aggregation phenomena, such as coagulation, gelation, or flocculation, must have been active for the particles to have precipitated from solution. The characteristic open structure, low degree of particle coalescence, disordered distribution of contact points between primary particles, and susceptibility of the particles to disintegration appear to suggest that the type 2 particles were formed by flocculation. Flocculation creates open particle aggregates by reducing interparticle repulsion in the sol. Flocs may or may not separate out of suspension (precipitate). Flocculation may be achieved by lowering pH from alkaline to neutral or acid and thus removing repulsive forces between particles, cation-bridging, especially if concentrations of cations were high, or the introduction of positively charged colloids (e.g., Iler 1979; Bergna 1994; Everett 1994) . The large voluminous and open floc-like type 2 particles of sediment horizon c (Fig. 3J ) appear comparable to particles flocculated during rapid diffusion-limited aggregation (Lin et al.1989 ). The disordered primary particle distribution observed by TEM (Figs. 6B,  6C) illustrates flocculation of weakly repelling to strongly attracting particles that on contact have become fixed in the configuration in which they collided (e.g., Everett 1994, fig. 9 .8).
Type 3 particles
Dense particle aggregates could have formed both by colloidal and physical mechanisms. The structure of particle aggregates is strongly influenced by the interparticle forces acting within a sol. The residual negative surface charge created by hydroxyl ions at the particle surface of silica colloids makes them strongly repelling at neutral to alkali pH and low salt concentrations. In these conditions aggregation by coagulation can create dense particle aggregates as particles collide and, instead of becoming attached to adjacent particles in their collision configuration, slide across one another under the influence of Brownian motion and pack in a configuration of minimum energy (Everett 1994) . Following aggregation in a dilute sol (where the volume of aggregate particles relative to fluid is low) the dense aggregate particles precipitate from suspension.
Dense coagulum-like particles may also have formed by (Fig. 3J ) dominated by type 4 particles, diatom frustules, including the genera Anomoeoneis and Eunotia. (E) Large type 1 silica particle, indicative of prolonged periods of particle growth and sol stability, resting on a larger dense but partially open, aggregate particle.
the destruction of a sol via a gel-phase. Gelation creates a coherent three-dimensional network of particles that may become viscous, and solidify and fill the entire volume of the sol (e.g., Iler 1979; Bergna 1994) . In hot conditions, evaporation of a sol may form a gel-like film as the colloidal particles are compressed by the surface tension of enclosing water as it is drawn down. Continued dehydration causes fracturing of the gel by shrinkage and creates relatively dense fractured silica aggregates (e.g., Iler 1979, fig. 4.15) .
The fractured surface morphology of many type 3 particles may imply that, during some periods, this evaporative mode of formation was active. Gelation is also possible via rapid freezing of a sol (e.g., Bergna 1994) . As discussed further later in the text, this mechanism may be particularly important in Yellowstone where geothermal waters issue from hot springs into a winter environment characterized by sub-zero temperatures. The structure of silica particle aggregates is most easily observed when the particles are suspended or freshly precipitated from a dilute sol (Iler 1979; Bergna 1994) . However particles observed in this study were collected from wetland sediment. It is possible that some dense type 3 particles may also have formed by restructuring of more open (type 2) particles. The low structural strength exhibited by type 2 particles make them inherently unstable in environments where they are not suspended in a fluid medium, for instance following sedimentation and sediment accretion, where increasing pressure is exerted by overlying sediment. Weakly bonded flocs may also be compressed in a manner described earlier in evaporative gel formation. Open floc-like particles may become denser and more indurated as further silica is precipitated onto silica particle surfaces. This requires that the environment in which the flocs are deposited retains silica at concentrations above saturation but with a low enough degree of saturation to prevent fresh particle nucleation.
Mechanisms of sediment-wetland formation
Fluids flowing into the wetland (and therefore either directly or indirectly the sediments at present accumulating on the wetland surface) undoubtedly derive from the vent pool of Porkchop Geyser. The topography of the area suggests that sediments deposited prior to 1998 accumulated from the same source. Three locations of particle formation are clearly possible; the Porkchop Geyser vent system and vent pool, the sinter apron, and the wetland. One or all of these environments may have been active during the history of sediment accumulation. The presence within the wetland of three distinct colloidal particle morphotypes and a record of variable (Fig. 3J, horizon f) . The poorly coalescedcemented nature of particles that make up the large particle cause charging and flaring, as gold coating of the particle network is incomplete. Disintegration of particle aggregates under the SEM electron beam creates further uncoated surfaces. (B, C) Transmission electron photomicrographs illustrating typical morphology and ultrastructure of open floc-like particles. Particles comprise type 1 silica microspheres of ca. 10 nm diameter, have a disordered relatively open floc-like structure, exhibit a low degree of particle coalescence and poor structural stability. Light scattering techniques (data not illustrated) suggest that large type 2 particles readily broke down into smaller primary particle aggregates of ca. 200 nm diameter. (D) Electron probe X-ray microanalysis (EPXMA) spectra, providing qualitative trace element composition of silica particles from Porkchop wetland. cps, counts per second. sediment accumulation suggests changeable conditions of particle precipitation, deposition, and (or) provenance. The relative abundance of particle morphologies in the geothermal wetland differs substantially from those observed in diatomaceous wetlands. Diatoms formed only a minor component of the sediment within horizons above the basal breccia and clayey diatomites, suggesting conditions hostile to their growth. Large clasts of volcaniclastic and sinter material were also scarce above the basal horizon, suggesting the limited input of material from areas around the basin margin other than Porkchop Geyser. Chemically derived particles were dominant throughout the upper ca. 30 cm of the core. This may have been a result of slow chemical sediment accumulation over large time periods and a relative absence of diatoms. The rapid burial of soil horizons and sediment accumulation rates observed between April 2001 and October 2002, however appear to indicate accumulation was more likely a result of rapid silica polymerization and (or) sedimentation.
Here we discuss two potential mechanisms that may be implicated, either individually or collectively, in the creation of the Porkchop Geyser wetland sediments.
(1) The wetland forms an ephemeral pool that received fluid from Porkchop Geyser containing colloidal silica particles and dissolved silica. Colloidal silica nucleates and polymerizes in high-temperature regions of the system and is transported as solid particles and aggregates to the wetland. Wetland waters containing silica concentrations above saturation locally polymerize silica either to existing colloidal particles-precipitate or potentially nucleate fresh colloids. (2) Gelation produces particulate silica during freezing of geothermal waters during the Yellowstone winter. Particulate is formed on the sinter apron and is transported later to the wetland depression.
Ephemeral pool: deposition of silica directly from vent fluid
From April 2001 until at least October 2002 the wetland acted as a catchment basin for fluids that constantly discharged from the vent pool of Porkchop Geyser. The desiccating conditions experienced in the same area between summer 1998 and February 2000 indicate the ephemeral nature of the pool. Porkchop Geyser has historically maintained high concentrations of silica, calculations of saturation indices show silica saturation or supersaturation of all available water analyses (Table 1) . Model saturation indices for vent fluid cooled to 20°C (SI = 0.60-0.83) indicate that erupted fluid would attain high degrees of silica saturation, which favour homogeneous silica nucleation and polymerization and promote colloidal particle growth (e.g., Iler 1979; Fournier 1985) . Both analytical data (Fournier et al. 1991 ) and anecdotal observations of an opalescent milky-blue colouration suggest that vent fluids commonly contained polymerized and colloidal silica (Ohsawa et al. 2002) . Fluid erupted from the vent at such times would, providing particles were not deposited on the intervening sinter apron, carry colloidal particles to the wetland. Sediments in the wetland therefore, may simply have accumulated as erupted fluid flowed into the basin, and suspended particles and particle aggregates precipitated in the calm wetland conditions. Large isolate silica microspheres, a common component of unconsolidated silica sediments accumulating in vent pools (Braunstein and Lowe 2001; Jones and Renaut 2003; Lowe and Braunstein 2003) , may be evidence that such particles formed under turbid fluid conditions in the vent pool, and then were transported to the wetland. The constant diffuse outflow of vent fluid observed during the period of sediment accretion may aid suspended colloid and particulate transfer to wetland areas by preventing accretion to apron surfaces as it maintains turbulence and discourages Particles exhibit a high degree of particle coalescence but retention of interparticle spaces. Highly variable particle size and degree of particle coalescence within aggregates creates a fabric similar to potchopal.
sol destruction by the formation of gels via evaporative removal of the liquid phase.
Ephemeral pool: in situ polymerization and colloidal particle and aggregate formation
The presence, in the wetland, of fluids supersaturated with respect to silica (SI = 0.26-0.51) and with an opalescent colouration indicates that both silica polymerization and colloidal activity are likely to continue following the arrival of erupted water in the wetland. Measured silica concentrations at the vent pool outflow (329 mg/kg) and within the wetland pools (309-311 mg/kg) during April 2002 illustrate that the short distance between Porkchop Geyser's vent and constant water flow also favour relatively high percentages of dissolved silica in vent fluid remaining in solution during transit to the wetland. The discharge flow rates were clearly sufficiently high and the residence time of water on the sinter apron (and hence the degree of cooling) sufficiently low that little silica polymerization occurred. Additionally, the pH increases associated with vent fluid cooling and CO 2 release following eruption mean that colloidal particles polymerized either in the vent or during fluid flow to the wetland would be increasingly repelled from one another also promoting continued dispersion. Once in the wetland, however, particles of colloidal dimensions would be subjected to colloidal processes dictated by the prevailing physicochemical conditions, these would derive in part from the water already in the basin plus in-flowing water.
Following eruption, fluid temperature would rapidly drop (e.g., 68.2-18.3°C in April 2002), forcing increased silica supersaturation (from SI = 0.14 at the vent pool outflow to SI = 0.46-0.49 in the wetlands) and perhaps promoting homogeneous nucleation (Fournier 1985) or nucleation to the surfaces of any metal hydroxides present (Williams and Crerar 1985) . However, polymerization to previously nucleated colloidal particles (Hinman and Lindstrom 1996) that may have been abundant in the fluid, as evidenced by vent fluid colouration, may stifle fresh nucleation events.
The opalescent milky-blue colouration of standing water in the wetland during [2001] [2002] [2003] (Fig. 2A) illustrates that silica was present as suspended colloidal particles and (or) floc-like precipitate throughout this period. The relatively calm waters of the wetland appear unlikely to maintain particle suspension due to turbulence, chemical conditions conducive to sol formation, and sol stability may thus be deduced. Pool pH must have remained relatively high to promote particle repulsion and salinity and cation concentrations remained low enough to prevent flocculation. However, sediment did accrete to the wetland surface during this period that contained predominantly shard-like type 3 particles. The wetland was flooded at all times of observation. Gelation of colloidal silica via an evaporative route was not therefore active. By elimination, fresh sediment was forming, if type 3 particles represent a primary particle morphology (rather than a secondary morphology created by collapse of, or later silica deposition onto, floc-like type 2 particles) dominantly via coagulation.
At the pH (7.0-7.9) prevalent in the wetland during springsummer 2002, colloidal silica particles would be strongly repelling and preferentially remain suspended as a sol. Coagulum-like precipitates could form via two apparent mechanisms. Particles, entrained in vent fluid entering the wetland, that were of dimensions beyond the range of colloidal stability for the pool, would rapidly sediment out forming a layer of precipitate. Particles in the colloidal range would be repelled from one another and could grow by the addition of dissolved silica. On reaching the upper limit of colloidal stability for the environment, these would also precipitate and add to the forming silica layer. Restructuring of the sediment by compaction through loading could create a dense, close-packed sediment.
The continual presence of standing water in the wetland during 2001-2002 militates against the formation of dense silica particles by gelation induced by phases of evaporation. However, the process may have been active during other phases of the pool's history, for instance, prior to the development of the two soil horizons colonized by grasses. A change in the eruption frequency of Porkchop Geyser could stop or reduce replenishment of fluids in the wetland leading to evaporative draw-down of standing water. Evaporation would increase silica concentration, driving the fluid towards, or increasing the degree of, silica supersaturation. At the same time, this would reduce the volume of fluid relative to the colloidal fraction. These phenomena would promote colloidal particle aggregation, either by increasing the number of particles per volume of sol, by encouraging particle nucleation, or by increasing interparticle collisions (e.g., Iler 1979) . However, evaporative concentration of dissolved components would also increase the concentration of simple salts and polyvalent cations in the fluid promoting flocculation. Either a gel or concentrated film of silica flocs would, therefore, most likely result from complete evaporative drawdown. Wetland sediment pore water contained dissolved silica at a supersaturated concentration (SI = 0.36) of 220 mg/kg during the summer of 1998. Deposition of silica from this fluid could be implicated in infilling void space in a gel-like layer increasing particle density, whilst continued desiccation of a particle sediment could provide a potential mechanism leading to fracturing of gel-like horizons.
Colloidal particles suspended in a sol have, in the wetlands past, been subjected to rapid flocculation as evidenced by horizons in the core dominated by type 2 floc-like particles. Flocculation could be induced in the pool by a rapid reduction of pH (e.g., Iler 1979) , perhaps brought about by an influx of rainwater-meltwater (at pH ca. 5.6) or a change in the hydrochemistry of Porkchop Geyser. Influxes of rainwater or meltwater would increase the volume of fluid relative to colloidal particles and reduce silica concentration, potentially decreasing the number of interparticle collisions and halting silica polymerization. Flocculation could also be induced by the addition of flocculents. These could be biomolecules such as bacterial or diatom EPA (e.g., Chafetz 2003a, 2003b and references therein) or metal hydroxides (e.g., Williams and Crerar 1985) introduced by a change in vent hydrochemistry. Influxes of Na, K, Ca, Mg, and Al, all detected in type 2 particle aggregates during EPXMA analysis, and K, Na, Ca, and Li amongst others detected by atomic absorption spectrometry (AAS) and ICP-MS analysis of Porkchop's vent fluid and wetland sediment pore water offer potential flocculation triggers.
A rapid change in pool pH provides a simple mechanism capable of creating graded sediments of dense to open particles. An influx of low pH fluid reduces the repulsive forces maintaining the suspension of relatively dense particles, which sediment rapidly. At the same time, repulsion between smaller colloids is reduced and large but voluminous open-flocs aggregate during a period of rapid diffusionlimited aggregation. As they have slow settling rates relative to denser particles, they initially remain suspended and slowly settle out. Flocculation gradually depletes colloids in the sol reducing particle-particle collisions, floc creation slows and compact flocs characteristic of rate limited aggregation form and settle out.
Cold climate processes
Average air temperatures on the Yellowstone Plateau remain below freezing from November to April each winter. Average minimum monthly temperatures for 1971-2000 were below zero for all months, except June to August (http://www. wrcc.sage.dri.edu). Thus, geothermal fluids erupted from hot springs and geysers during these periods are potentially subjected to extremely rapid cooling. In the coldest months, erupted water may freeze only centimetres to metres from the vent pool. This freezing has a dramatic effect on silica precipitation. Fluid containing polymerized and colloidal silica particles in a dilute sol undergoes a natural process analogous to the industrial process of cryogeling (Bergna 1994) . Silica particles in the fluid are physically forced together at ice crystallization fronts and form a dense gel as they are concentrated at the interstices of adjacent crystals. This forms solid silica precipitate that forms mobile sediment on melting of the ice. Sediment formed in this manner may be trapped on sinter aprons in or below ice for the duration of the winter. The onset of thaw conditions in spring liberates particulate silica. Sinter aprons associated with many silica-depositing springs of Yellowstone are characterized during the early spring months by relatively extensive deposits of silica sediment that may reach depths of tens of millimetres (Fig. 8A) .
The common presence of colloidal silica in the vent waters of Porkchop Geyser and often continuous, diffuse outflow from the vent make gel formation via freezing a likely process of silica precipitation around the feature's vent pool. Fresh, unconsolidated silica sediments were observed forming or trapped below ice in the area immediately adjacent to Porkchop's vent during February 2000 (Fig. 8B) . Similar sediments were apparent extending from the vent pool, across the sinter apron and into the wetland in April 2002.
During the period in which Porkchop continuously erupted as a geyser, spray formed an ice cone each winter adjacent to the vent pool. Anecdotal evidence suggests that the ice cone grew to a height of ca. 2.5 m and that the ice was "draped in translucent silica gel" (Schreier 1999, p. 30) . Although ice cones had not formed in the geyser basins visited during February 2000, areas of boardwalk that were within the spray zone of several geysers had accumulated a considerable thickness of water-ice of geothermal origin, e.g., Sawmill Geyser, Upper Geyser Basin. Here, insulated from the thermal ground, water-ice several tens of centimetres thick had accumulated (Fig. 8C) . Clumps of opaque silica particles up to ca. 2 cm diameter (Fig. 8D) were distributed randomly throughout the ice matrix forming a major component (estimated 10%-20%) of the deposit. Areas of the boardwalk where ice had melted were covered in unconsolidated silica sediments, comparable with those accumulating on sinter sheets. Whilst some of the shard-like (type 3) particles in the wetland are likely to have formed via this process, floc-like particles require formation in a liquid medium.
Conclusions
Discerning the relative importance of the mechanisms discussed in the text to sediment accretion within the wetlands is problematic. The small area of sinter apron available for sediment accumulation and low volume of unconsolidated material visible in both the summer and winter imply that, in discharge conditions comparable with those of the present day, this source would produce only minor additions to the wetland sediment, certainly volumetrically too small to produce laminae-beds of sediment millimetres to centimetres thick. Cold climate precipitation undoubtedly does generate sediment that is transported to the wetland, but again the volume appears too small to generate the observed sedimentary structures. Here, therefore, we conclude that sediment precipitation is dominantly from geothermal water collected within the wetland. Ultrastructure of the typical particles within the wetland indicates that geochemical, and specifically colloidal processes, rather than biochemical processes dominate particulate formation, precipitation and sediment accumulation. Silica sols within the wetland have been subjected to variable physicochemical conditions that have at times promoted sol stability and particle growth and at other times sol destruction by flocculation and coagulation and gelation by evaporation and (or) freezing.
The unconsolidated nature of the wetland sediments contrasts strongly with deposits formed in many other subaqueous settings, at similar water temperatures and similar or even greater degrees of silica saturation, e.g., the shrubby precipitates within the flow path of Cistern Spring, Norris Geyser Basin (Guidry and Chafetz 2002 , 2003a , 2003b . Instead, they are textually similar to particulate siliceous sediments (PSS) observed in the higher temperature vent pool environments of nonsurging, and surging nonboiling springs (Braunstein and Lowe 2001; Jones and Renaut 2003; Lowe and Braunstein 2003) . The calm water conditions of the wetland and vent pools relative to the dynamic conditions of the flow path suggest that the presence or absence of turbulence that controls intercolloid-interparticle collisions and particle suspension and settling may have a major influence on precipitate fabric.
As this small wetland contains few diatoms but large volumes of unconsolidated, chemically precipitated, silica sediment, it might exemplify how silica sediments developed in these low-temperature aquatic settings prior to the advent of the diatom sink and provide an explanation for sedimentary structures that point to the presence of soft sediments preserved in the Drummond Basin and Rhynie Chert hot spring deposits. The growth, burial, and silicification of plant communities on this active geochemical wetland suggests that it has great potential as an analogue environment for the study of the plant substrate interactions, palaeoecophysiology and taphonomy of the Rhynie chert plants (Channing 2003) .
The observation of unconsolidated particulate silica forming below and within water-ice formed from frozen geothermal solutions, indicates previously overlooked cold-climate silica deposition processes that may be responsible for large volume additions of particulate silica to Yellowstone hot spring environments. 
